The developing brain is uniquely susceptible to the neurotoxic hazard posed by mercurials. Host differences in maturation, metabolism, nutrition, sex, and autoimmunity influence outcomes. How population-based variability affects the safety of the ethylmercury-containing vaccine preservative, thimerosal, is unknown. Reported increases in the prevalence of autism, a highly heritable neuropsychiatric condition, are intensifying public focus on environmental exposures such as thimerosal. Immune profiles and family history in autism are frequently consistent with autoimmunity. We hypothesized that autoimmune propensity influences outcomes in mice following thimerosal challenges that mimic routine childhood immunizations. Autoimmune disease-sensitive SJL/J mice showed growth delay; reduced locomotion; exaggerated response to novelty; and densely packed, hyperchromic hippocampal neurons with altered glutamate receptors and transporters. Strains resistant to autoimmunity, C57BL/ 6J and BALB/cJ, were not susceptible. These findings implicate genetic influences and provide a model for investigating thimerosal-related neurotoxicity.
Autism spectrum disorders (ASDs) comprise a set of highly heritable conditions 1 with core impairments in social interaction, communication, and imagination. The prevalence of ASDs is reported to be rising worldwide, [2] [3] [4] an increase not fully explained by changes in awareness and diagnostic patterns. 2, 3, 5, 6 Environmental susceptibility genes may be determinants of adverse neurodevelopmental outcomes following preor postnatal exposures. One environmental factor may be increased mercury burden through industrial sources, fish, and sodium ethylmercurithiosalicylate (thimerosal), a preservative recently eliminated from many vaccines. 7, 8 A large, retrospective study investigating the association of thimerosal-containing vaccines and neurodevelopmental outcomes in an unselected cohort was inconclusive and called for further research into vulnerability factors. 9 An autoimmune diathesis is described in ASD probands [10] [11] [12] [13] [14] [15] and their first degree relatives. 16, 17 Major histocompatibility complex (MHC) genes regulate risk of mercury-induced autoimmunity in mice. 18, 19 To examine whether immunogenetic factors mediate vulnerability to mercury-related neurodevelopmental damage, we exposed mice of differing MHC (H-2) backgrounds 20 to thimerosal in doses and timing equivalent to the pediatric immunization schedule. Profound behavioral and neuropathologic disturbances were observed after postnatal thimerosal in SJL/J (H-2 s ) mice, but not in strains without autoimmune sensitivity (BALB/cJ, H-2 d , or C57BL/6J, H-2 b mice).
Materials and methods

Animals
Mouse pups of SJL/J (SJL), C57BL6/J (C57), and BALB/cJ (BALB) strains (Jackson Labs) were inoculated intramuscularly (i.m.) at postnatal day (P)7, P9, P11, and P15 with: (1) thimerosal-only (Thim-only), 14.2, 10.8, 9.2, or 5.6 mg/kg of ethylmercury per postnatal immunization day, respectively, as sodium ethylmercurithiosalicylate (Sigma); (2) thimerosalvaccine (Thim-vax), thimerosal-preserved Diphtheria, Tetanus, acellular Pertussis (DTaP, Lederle), and Haemophilus influenza B (HiB, Lederle) vaccines; or (3) Control (phosphate-buffered saline (PBS)) in 25-50 ml volume. Administration days were based on the 2001 US immunization schedule: 7 two, four, six, and 12 months of age. Differences between human and murine central nervous 21 and immune system 22 maturation, including neuronal migration and window of immune tolerance, guided time point selection. P7 in mice is expected to be after most neuronal migration has occurred, but before cerebellar, 21 hippocampal, 21 and amygdalar 23 maturation conclude, thus more closely approximating the maturing human postnatal central nervous system (CNS). 21 Dosages were calibrated to cumulative vaccine ethylmercury burden 7 after adjustment to 10th percentile weights for boys 24 for each age (Table 1) . Ethylmercury load in Thim-vax group was equivalent to that in Thim-only groups, but included DTaP and HiB components. After weaning (week (wk) 3), mice were group-housed with free access to water and food (PicoLab s ). Animal experiments were approved by Institutional Animal Care and Use Committees.
Clinical assessments
Mice were assessed for developmental and motor changes (P8, P10), including protoambulatory responses (2-min test, Coulbourn); righting reflex; and negative geotaxis. 25 A maximum of two pups per litter were tested. 26 A minimum of four litters per drug group was used within each strain. Change in weight from preimmunization P7-P15 was calculated for all pups as: (P15 weightÀP7 weight)/P7 weight to adjust for maternal litter effects.
Behavioral studies
We assessed open field locomotor, exploratory, and repetitive activities (90-min test, Coulbourn automated chambers) and motor coordination (rotarod, 20 rpm) using tasks appropriate to developmental age and suspected domains of dysfunction 27 at wks 4 and 10. At wks 10-12, mice were administered a 20-min 'hole board test' using a novel 4 Â 4 hole arena (Coulbourn). At 14-24 wks postnatal, 8-day simple spatial learning trials were performed in SJL mice in nose poke arenas, following food restriction to 85% of baseline weight and 20-min habituation (trial day 1). Spatial learning consisted of four 3-min daily trials (north, south, east, or west starting positions) for 6 days, with single baited hole. A probe trial with south starting position and the same baited hole was conducted on day 8. Nose poke time, time to baited hole, task distance, task errors, and reference memory ratio for south direction on each training day were analyzed.
Histology and immunohistochemistry (IHC)
Anesthetized 5-wk-old animals were perfused with PBS followed by 4% buffered paraformaldehyde in 0.1 M phosphate buffer. Coronal brain slices (2 mm) were postfixed in paraformaldehyde at 41C for 30 min. After cryoprotection in 30% sucrose, serial 14 mm coronal cryostat sections were collected. Coronal sections of dorsal hippocampus, bregma level À1.46 to À1.82 mm, 28 were randomly selected for analysis (three mice per group; SJL and BALB, Thim-vax, and Control only). Tissue sections were stained with hematoxylin and eosin (H&E) for histological assessment and regional measurements. IHC was performed using the primary polyclonal antibodies: rabbit anti-N-methyl-D-aspartate (NMDA) receptor (NR) type 1 (NR1, 1 : 25 dilution), rabbit anti-NR2B (1 : 750 dilution, Chemicon); goat anti-kainic acid (KA) type 2 (KA2) receptor (1 : 50 dilution), goat anti-excitatory amino-acid transporter (EAAT) type 2 (EAAT2, 1 : 150 dilution), and goat anti-EAAT3 (1 : 25 dilution, Santa Cruz). Secondary antibodies were biotinylated antirabbit or anti-goat IgG (1 : 200 dilution, Vector Laboratories, Burlingame, CA, USA). Antibody binding was visualized using Vectastain ABC (Vector Laboratories, Burlingame, CA, USA) with diaminobenzidine (DAB) as chromogen. As a control for nonspecific binding, coronal brain sections incubated without primary antibody (secondary antibody only) were included in each immunohistochemical assay for comparison.
To derive unbiased estimates of neuronal density in and size of dorsal hippocampus subregions, averaged measurements of three coronal sections of each brain at matched rostrocaudal levels were derived in blinded manner and used for analysis (n ¼ 12; three mice per group). Maximum widths of granule cell layer of supra-and infrapyramidal blades of dentate gyrus (DG); infrapyramidal aspect of molecular layer (ML) of DG; stratum laconosum-moleculare (slm) of cornu ammonis (CA) subregion 1 (CA1); stratum radiatum (sr) of CA1 and CA3; stratum lucidum (sl); stratum oriens (so) of CA1 and CA3; and CA1 pyramidal cell layer (pcl, immediately dorsal to the lateral tip of the suprapyramidal blade of DG) were measured manually using digital photomicrographs at Â 4 magnification captured with a Nikon E600 microscope (Nikon Spot software version 3.5.7 for Mac OS X). Neuronal density was measured in CA1 pcl (number of linearly arranged neurons spanning the measured width of CA1 pcl from its rostral to its caudal extent, expressed as number of neurons/mm) using images captured at Â 50 in the same region as that used for estimating the width of CA1 pcl. Cerebellar Purkinje cells (PC) were counted in blinded manner in 10 digital photomicrographs of nonoverlapping, linear stretches of PC layer (lobules VI, VII) of H&E-stained brains ( Â 40 magnification, SJL: Thim-vax, n ¼ 3, Control, n ¼ 3; BALB: Thim-vax, n ¼ 5, Control, n ¼ 5). Cells with fragmented DNA were labeled by TUNEL, using DAB. 29 Positive cells (brown nuclear staining) were counted in five randomly selected fields (10 Â magnification) in the hippocampus.
Statistical analysis
Statview v.5.0.1 software (SAS Institute, Cary, NC, USA) was used for all statistical analyses. Individual thimerosal group means (Thim-only, Thim-vax) were compared by paired Student's t-test; as differences between the two thimerosal groups were not significant, data were pooled for analyses (Thim). Homogeneity of variance was established for individual dependent variables by use of variance ratios (F-test) within drug groups, split by strain and by gender, with the level of significance of a ¼ 0.05; where significant heterogeneity of variance between groups was detected, and was not addressed by data transformation, nonparametric analyses were pursued. For parametric behavioral data, a three-way analysis of variance (ANOVA) was performed with strain, drug, and sex as between-subjects factors. A nominal level of significance of a ¼ 0.05 was adopted and corrected in post hoc analyses (Fisher's protected least significant differences test) to keep type-I error o0.05. Where significance was maintained in post hoc tests for between-strain effects, a 2 Â 2 ANOVA (between-subjects factors: drug, sex) was performed within strains to determine the pattern of effect. Repeated measures (RM)-ANOVA was performed to assess change in behavioral variables across test session time segments. Three levels were used for the within-subjects factor, 'time segment,' for 90-min sessions (30-min segments); four levels were used for 20-min tests (5-min segments). Strain, drug, and sex were used as between-subjects factors (3, 2, and 2 levels, respectively). Where significant main effects were confirmed by post hoc testing, within-strain RM-ANOVA (between-subjects factors: drug, sex; withinsubjects factor: time segment) was employed to ascertain direction of effect. A direct means comparison by unpaired Student's t-test defined direction of effect where significant main sex effects were found within strains. Correlations between behavioral parameters were assessed by deriving correlation coefficients, with Fisher's r to z transformation. For non-Gaussian distributions, nonparametric tests (Mann-Whitney U-test, Spearman's rank-correlation test) were used to determine significance levels. To estimate drug effects on brain architecture, neuropathologic measurements were compared within strains using ANOVA with drug as between-subjects factor except in cases of unequal variances, where nonparametric analyses were pursued.
Results
Significant behavioral findings following thimerosal, as a function of mouse strain and sex, are summarized ( Table 2) .
Thimerosal causes growth retardation in SJL mice
Mice were observed daily beginning at the first inoculation on P7. Through 24 wks no overt disease was observed in any treatment group. The two thimerosal administration groups in each strain (Thim-only or mercury-equivalent Thim-vax) had no significant differences in any parameters measured; thus, they were combined for analyses as Thimerosaltreated (Thim) mice. No between-group differences were found in motor performance through P10. Strain-dependent effects were observed in weight gain through P15 (strain: (Figure 1f and g ).
To evaluate whether hypoactivity of SJL Thim mice was responsive to environmental adaptation, we examined changes in ambulatory measures as a function of time. RM-ANOVA showed an additional main effect of time and a time Â drug interaction effect for SJL mice for ambulatory distance (time, Rearing count in open field showed a strain, but no overall drug effect at wk 10 (strain, F ¼ 104.162, Po0.0001); within-strain comparisons indicated a main effect of drug only in SJL mice, with reduced rearing counts in SJL Thim mice (F ¼ 5.332, P ¼ 0.0232), without sex effect (Figure 2a ). Exploratory rearings did not differ in the novel hole board between (data not shown) or within strains (SJL mice, Figure 2b ). 
Parameter
Mouse strain -, no significant thimerosal-related withinstrain differences for that parameter.
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Contrasting strain-and sex-dependent effects of thimerosal were observed in margin-oriented thigmotaxis in open field vs hole board. As at wk 4, wk 10 open field total ambulatory center distance was subject to strain effects, but no overall drug effects across strains (strain, F ¼ 48.631, Po0.0001). The main effects of sex were observed for SJL mice on within-strain comparisons (F ¼ 5.269, P ¼ 0.0240), and a trend toward a main effect for drug (F ¼ 3. No main or interaction effects were observed for C57 or BALB mice for nose poke time. To pursue the drug Â sex interaction, we performed direct means comparisons within SJL groups split by sex and found complex, opposing effects on total nose poke time: significant increases in SJL Thim males (n ¼ 33, t ¼ 2.699, P ¼ 0.0112) and smaller, but significant decreases in total nose poke time in SJL Thim females (n ¼ 34, t ¼ À2.064, P ¼ 0.0472) (Figure 2f ). This effect appeared to be related to the novelty of the hole board environment, as time engaged in stereotypic behaviors in the vertical plane was not affected by thimerosal between or within strains, showed no sex effect, and was not correlated with total nose poke time (r 2 ¼ 0.12, P ¼ NS). Total locomotor activity was highly correlated with distance traversed through the center in both the novel environment (r 2 ¼ 0.91, Po0.0001) and the open field (r 2 ¼ 0.89, Po0.0001) tasks in SJL mice.
Thimerosal does not influence acquisition or retention of a simple spatial memory task Acquisition of a simple spatial nose poke task was tested at age 14-24 wks in SJL mice (Thim, n ¼ 30; Control, n ¼ 21). Drug groups did not differ in latency to finding baited hole, distance traveled during taskrelated activity, task errors, total nose poke time, or reference memory ratio.
Gross motor coordination is minimally altered following thimerosal
We evaluated the effects of strain and drug on cerebellar dysfunction (rotarod test). At wk 4 (C57: Thim, n ¼ 27, Control, n ¼ 18; BALB: Thim, n ¼ 10, Control, n ¼ 5; SJL: Thim, n ¼ 55, Control, n ¼ 49) and Ionotropic glutamate receptor and transporter immunoreactivity patterns were examined in the hippocampi of Thim and Control mice. NR1 immunoreactivity was modestly reduced in SJL Thim hippocampus in CA3 pyramidal cell layer relative to SJL Control (Figure 4a and b) . NR2b immunostaining was absent in CA3 pyramidal cell layer in SJL Thim mice (Figure 4c and d) . KA2 immunoreactivity was reduced in sr of the CA1 subfield but increased in sr of CA3 (Figure 5a and b) . In contrast, KA2 staining was increased in the pyramidal cell layer of CA1 and CA2 relative to CA1 and CA2 pyramidal cell layer in SJL Control (Figure 5c and d) . Immunostaining in the hippocampus for the glial glutamate transporter, EAAT2, was similar in Thim and Control mice of both strains at wk 5. In contrast, immunoreactivity patterns for the neuronal glutamate transporter subtype, EAAT3, showed markedly increased EAAT3 staining on the soma of CA1 pyramidal neurons of SJL Thim (Figure 6a and b) relative to SJL Control mice (insets, Figure 6c and d) . Increased staining is seen on CA1 pyramidal neurons relative to that in SJL Control.
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Discussion
The heightened susceptibility of the developing nervous system to mercury is well established, but little is known about factors that modulate sensitivity to repeated, low-dose exposures delivered i.m. or restricted to postnatal life. Although individual differences in maturational timetables, metabolism, nutrition, sex, and immune responses are linked to mercury-induced neurodevelopmental outcomes, 8 most data are based on prenatal, chronic, and/or oral exposures to mercury species other than ethylmercury, in doses exceeding those in the current study. Two primate studies, one in infant humans 30 and another in nonhuman primates, 31 suggest shorter elimination half-lives for vaccine-based thimerosal in both blood and brain than for methylmercury. The slightly higher brain-to-blood partition ratios reported for thimerosal than for methylmercury in the primate study, 31 however, stand in contrast to findings in rats demonstrating higher blood than brain levels following ethyl-than after methylmercury, 32 raising concerns about the ability to predict exposures accurately across mammalian species, developmental stages, or routes or forms of administration. 33 Comparisons of the toxicokinetics of oral methylmercury with i.m. thimerosal exposure in the neonatal Rhesus macaque study could not control for differences in the relative maturity of gastrointestinal, immune, and nervous systems and their impact on blood and brain total mercury levels. 33 The human study was not designed to measure pharmacokinetic parameters and missed important early sampling times, leading to possible underestimates of maximal infant exposures. Neither study had sample size sufficient to investigate toxicity as a function of heritable influences. Increased inorganic mercury is observed in all tissues after ethylmercury relative to methylmercury, and is associated with greater growth retardation and renal toxicity than equimolar doses of methylmercury. 32 Extrapolation from methylmercury studies to ethylmercury or thimerosal may be further limited by differences in immune responses following these alternate forms of organic mercury. Consistent with studies showing elevated inorganic mercury accumulation following ethylmercury, a recent study in A.SW mice, another H-2 s mouse strain vulnerable to mercury-induced autoimmune disturbances, indicates that immune parameters following oral thimerosal in adult animals are more similar to those seen after inorganic mercury than after methylmercury, with elevations of serum IgE, IgG1, IgG2a, and antifibrillarin antibodies. 34 Unfortunately, it is not possible to predict from those data the threshold for risk from repetitive, i.m. thimerosal administration to developing postnatal organisms. The mouse strains compared here were selected for differences in vulnerability to mercury-induced autoimmunity, in a manner linked closely to H-2 genes. 18, 19, [35] [36] [37] [38] [39] Our data suggest that genes linked to autoimmunity, in general, and to mercury-induced autoimmunity, in particular, may influence the relative neuro-or immunotoxicity of thimerosal.
Our studies have not excluded alternate, non-MHC, strain-dependent mechanisms of thimerosal toxicity. Genes outside the H-2 region influence both the autoimmune sequelae associated with mercury 40 and its toxicokinetics. [40] [41] [42] We compared three mouse strains with differing H-2 and non-H-2 backgrounds; such modulatory genetic factors might have been obscured. Variation in toxicokinetics across strains may alter distribution, retention, or rates of metabolism from organic to inorganic mercury species. 40, 41, 43 Toxicokinetic explanations, however, predict lower thresholds for the induction of autoimmune disturbance following mercury administration to females of H-2-susceptible strains. 40 Here, we found no sexrelated effects on behavior at prepubertal time points in susceptible SJL mice, and only few postpubertally; in these instances, males were more significantly affected than females. The administration of mercury at early postnatal ages is not associated with sex differences in distribution or excretion. 44 The differences we observed in older female and male SJL mice in response to open field and novel environment may result from the impact of sex hormones on neural circuitry already disrupted through earlier mercury exposure.
Further, immune response genes may be linked to other heritable factors mediating toxin-induced CNS damage, such as systems regulating antioxidant 45 or DNA methylation 46 status, apoptosis pathways, 47 glutamatergic transmission or excitotoxicity, 48 metallothionein isoforms, 49 or proinflammatory cytokine responses. 50 As a central role is implicated for the Th1-type cytokine, interferon-g (IFN-g), in mercuryinduced autoimmunity 51 and general autoimmune disease susceptibility, 52 we included C57 mice in our strain comparison; similar to SJL mice, C57 mice show a Th1-type cytokine predominance, including increased levels of IFN-g gene expression at baseline, 53 yet are less sensitive than SJL mice to autoimmune sequelae following mercury or other Th1-dependent, autoimmunity-provoking challenges. 54 ,55 BALB mice, in contrast, demonstrate predominance of Th2-type cytokines, with reduced basal levels of transcripts representing IFN-g relative to C57 and SJL mice, 53 and resistance to Th1-initiated autoimmune diseases. 56 The susceptibility to the neurotoxic effects of low-dose postnatal thimerosal closely paralleled these immune vulnerabilities.
We introduced thimerosal beginning at P7, a time critical for synaptogenesis and maturation of glutamatergic and other neural pathways, 57 yet after migrational events are largely concluded. 21 In humans, this period of synaptic plasticity extends from the 6th month of gestation to several years after birth and parallels the sensitivity of the developing brain to xenobiotics; 58 NMDA receptors play a key role in these developmental events. 59 Whereas in mature rodents excessive glutamate is neurotoxic, neuronal Strain-dependent thimerosal neurotoxicity M Hornig et al survival is promoted by glutamate during brain development. 59 Conversely, blockade of NMDA receptors during the postnatal brain growth spurt (approximately P7-14 in rats) is associated with enhanced neuronal apoptosis. 58, 59 It is intriguing to consider that in the context of synaptogenesis, abnormal activation of NMDA receptors may result in the persistence of neurons that might otherwise be selected for developmentally appropriate pruning. Such alterations could explain both our findings of increased numbers of hyperchromic, tightly packed but TUNEL-negative pyramidal neurons in CA1 and CA2, as well as the generalized enlargement of hippocampal structures. These findings are reminiscent of Rett syndrome, a disorder with clinical features overlapping with those of autism but caused by mutations in the X-linked methyl-CpG-binding protein 2, 60 where CA1 pyramidal neurons of increased cell packing density, without evidence of active degeneration 61 and with hyperchromic appearance, 62 are reported. Age-associated brain overgrowth is also noted in autism. 63 Our findings in SJL Thim mice not only of significant, selective brain enlargement but also of close, inverse correlations between these histopathologic measures and measures of disinhibition or exploratory drive (center ambulatory distance and exploratory rearing) underscore the relevance of this model for understanding the mechanisms underlying the strain dependent vulnerability of developing neurobehavioral circuitry to neurotoxic insults. The relatively greater increase in sr of CA3 than in that of CA1 in SJL Thim mice is particularly intriguing. In addition to more general findings of macrocephaly, eurycephaly is reported in children with autism. 64 Of further interest, the infrapyramidal mossy fiber bundle, pruned from up to two-thirds the length of CA3 to its shorter adult length between PN days 20 and 30 in mice, 65 varies genetically and its size is linked to exploratory behaviors. 66 The finding here of a correlation between enlargement of specific regional hippocampal fields and decreased levels of exploration (i.e., reduced center ambulatory distance and rearing counts, consistent with increased anxiety levels) in thimerosaltreated SJL mice suggests that pruning mechanisms may be selectively disrupted by this postnatal challenge. Partial deafferentation effects, with enhanced activity, may also contribute to interrelated abnormalities of DG and region CA1/CA2 abnormalities through incomplete damage to perforant path afferents or Schaffer collaterals. This investigation focused on brain regions that undergo postnatal maturation and are known to be susceptible to organic mercury exposures during development, hippocampus and cerebellum. 8 Potential contributions from thimerosal-related damage in other brain areas, including entorhinal cortex, frontal cortex, cingulate cortex, thalamus, amygdala, and brainstem, need to be considered.
Whether altered patterns of NR1, NR2b, KA2, and EAAT3 immunoreactivity found in SJL Thim mice at wk 5 relate to the cytoarchitectonic disturbances in the hippocampi is unclear. Intriguingly, the increased EAAT3 immunoreactivity on the soma of CA1 SJL Thim pyramidal neurons is similar to the intracellular EAAT3 translocation observed in models of KAinduced excitotoxicity, where it is proposed as a protective mechanism that averts excessive uptake of glutamate. 67 In SJL Thim mice such spatial reorganization of EAAT3 suggests increased levels of glutamate during hippocampal development. Seizurerelated increases in extracellular glutamate are noted in temporal lobe epilepsy, along with elevated levels of EAAT3 in remaining hippocampal neurons, 68 possibly as a compensatory mechanism. The expression of EAAT3 not only in glutamatergic but also in GABAergic neurons, 69, 70 as well as some astrocytes, 70 implies that mis-steps in the normal ontogeny of EAAT3 in CA1/CA2 may disrupt both glutamate and GABA synthesis and neurotransmission, 71 critically affecting hippocampal plasticity and enhancing risk for limbic hyperexcitability or seizures. Selectivity for the neuronal EAAT3 transporter subtype, and sparing of the glial glutamate transporter, EAAT2, parallels the normal pattern of expression of these transporters during development. Whereas EAAT3 expression is greater in newborn than in adult brain, EAAT2 expression increases as the brain matures. 72 Timedependent, complex rearrangements of NMDA and kainate receptors are also noted in models of temporal lobe epilepsy after lesions 73 or kainate. 74 As with EAAT3, levels of the NMDA receptor subtype NR2b are highest at birth and decrease in rats by about wk 4 postnatal; additionally, changes in the molecular diversity of heteromeric NMDA receptor channels are thought to parallel age-dependent decreases in the sensitivity of NMDA receptors to competitive antagonists and reflect changes in glutamatergic plasticity. 75 The pattern of behavioral and neuropathologic findings described here in SJL mice suggests a strain-dependent, ethylmercury-based disruption of normal programs of neural development and synaptogenesis. These findings implicate genetic influences and maturational factors as critical determinants of postnatal thimerosal-related sequelae and highlight the importance of interactions of gene, environment, and timing in the pathogenesis of neurodevelopmental disorders.
